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Summary 

The hoklsok and pnd systems of plasmids R1 and 
R483 mediate plasmid maintenance by killing plas- 
m.d-free cells. Translation of the exceptionally stable 
hok and pnd mRNAs is repressed by unstable anti- 
sense RNAs. The different stabilities of the killer 
mRNAs and their cognate repressors explain the 
onset of translation in plasm id-free cells. The full- 
length hok and pnd mRNAs are inert with respect to 
translation and antisense RNA binding. We have pre- 
viously shown that the mRNAs contain two negative 
translat.onal control elements. Thus, the mRNAs con- 
tarn upstream anti-Shine-Dalgarno elements that rep- 
ress translation by shielding the Shine-Dalgarno ele- 
ments. The mRNAs also contain fold-back-inhibition 
elements (fbi) at their 3 ends that are required to 
maintain the inert mRNA configuration. Using genetic 
complementation, we show that the 3' fbi elements 
pair with the very 5" ends of the mRNAs. This pairing 
sets the low rate of 3" exonucleolytical processing 
which is required for the accumulation of an activat- 
able pool of mRNA. Unexpectedly, the hok and pnd 
mRNAs were found to contain translational activators 
at their 5" ends (termed tac). Thus, the fbi elements 
inhibit translation of the full-length mRNAs by seques- 
tration of the tac elements. The fbi elements are remo- 
ved by 3' exonucleolytical processing. Mutational ana- 
lyses indicate that the 3" processing triggers refolding 
of the mRNA 5' ends into translatable configurations 
•n i which the 5 tac elements base pair with the anti- 
Shine-Dalgarno sequences. 

Introduction 

Translational control of gene expression in prokaryotes 
nas been extensively studied (reviewed by Gold 1988- 
McCarthy and Gualerzi. 1990; McCarthy and Brima- 
combe, 1994). Translational control is usually negative. 
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The negative control elements can be divided into three 
mam categories: f/ans-acting proteins, frans-acting RNAs 
(called antisense RNAs). and as-acting elements in the 
mRNAs. Typically, protein repressors bind and sequester 
an essential part of a translational initiation region Anti- 
sense RNAs inhibit target RNA function by a number of 
different mechanisms, including direct sequestration of 
a translation initiation region, accelerated mRNA decay 
target RNA refolding, and even transcriptional attenuation 
(reviewed by Wagner and Simons. 1994; Eguchi et al 
1991). However, the most common theme of negative 
translational control involves the formation of RNA second- 
ary structures that sequester an essential part of a transla- 
te initiation region.. Usually, such sequestration involves 
local folding of the Shine-Dalgarno (SD) regions into stable 
stem-loop structures (de Smit and van Ouin. 1990) but in 
some cases long-range RNA-RNA interactions are impli- 
cated (Saito and Richardson. 1981; Petersen. 1989). 

The hok/ sok and pnd systems of plasmids R1 and R483 
belong to a family of homologous gene systems that med- 
iate plasmid maintenance by killing of plasmid-free segre- 
gants (Gerdes et al.. 1986a; 1990a). These loci encode 
highly stable mRNAs that can be translated into toxic mem- 
brane proteins (Hok and PndA) which kill (he cells from 
within (Gerdes et al.. 1986b). Translation of hok and 
pndA is regulated by small unstable antisense RNAs the 
Sok and PndB RNAs, that are complementary to the leader 
regions of the hok and pnd mRNAs (Gerdes er al 1 990b- 
Nielsen etal.. 1991). The antisense RNAs inhibit 'transla- 
tion of reading frames that overlap with trie toxin-encoding 
genes {mok and pndC. see Fig. 1). As translation of hok ' 
and pndA is coupled to that of mo/rand pndC, respectively 
the antisense RNAs inhibit hok and pndA translation ' 
indirectly (Thisted and Gerdes, 1992). 

The hok (host killing) gene family now consists of nine 
homologous systems. Me ot much were isolated from 
Escherichia con plasmids: hoklsok from R1. fi m and 
srnB from F, and pnd from R483 and R16 (Gerdes et al., 
1990a). The E. coli chromosome encodes at least three 
different nonhomologous genes (Gerdes et al 1986b- 
Poulsen etal.. 1991; K. Pedersen and K. Gerdes, unpub- 
lished). Recently, we identified a new nonhomologous 
gene encoded by the chromosome of the enteric bacter- 
ium Hafnia alvei(K. Gerdes. unpublished). All of the plas- 
mid-encoded systems mediate plasmid maintenance by 
killing of plasmid-free segregants. These systems are 
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Fig. 1. Genetic organization and RNAs of the killer gene systems 
hok/sokot R1 and pndof R483. Arrows indicate the RNAs encoded 
by the systems. Cross-hatched boxes indicate the hok and pndA 
genes, and open boxes indicate the mok and pndC reading frames. 
Genetic nomenclature: hok: host killing; sok: suppression of killing; 
mok: modulator of killing; pnd: promotion of nucleic acid degradation; 
fbi: fold-back-inhibitory elements; tac: translation^ activator 
elements: sokT: Sok target region; pndBT: PndB target region. The 
3: end is at +441 in full-length nofc mRNA-1 . at +398 in full-length hok 
mRNA-2, and at + 361 in truncated hok mRNA. Full-length pnd mRNA 
has the 3' end at +375, whereas it is at +342 in truncated pnd mRNA. 
FL denotes full-length mRNAs; TR denotes truncated mRNAs. 

also induced by the addition of the transcriptional inhibitor 
rifampicin to growing cells (Gerdes era/., 1990b; Nielsen et 
a/.. 1991). The hokAlke genes located on bacterial chro- 
mosomes do not mediate post-segregational killing, and 
their function is not yet understood. 

The killing of plasmid-free cells and the induction by 
rifampicin rely on the differential-decay rates of the toxin- 
producing mRNAs and the inhibitory antisense RNAs: 
plasmid-free segregants or cells treated with rifampicin 
experience a rapid decay of the antisense RNAs. Conse- 
quently, in these cells, an uninhibited pool of stable 
mRNA can be translated into the cytotoxins (Gerdes et 
"a/., 1988). As such, piasmid loss can be regarded as a dif- 
ferentiation event that initiates a program eventually lead- 
ing to cell death. One problem of the proposed scheme 
is, however, that it fails to explain how the killer mRNAs cir- 
cumvent irreversible inactivation by the antisense RNAs in 
plasmid-carrying cells, as antisense RNA binding leads to 
duplex formation, followed by rapid RNase 111 cleavage 
and irreversible mRNA decay (Gerdes et a/., 1992). The 
complex mechanism by which the killer mRNAs avoid 
irreversible inactivation has attracted considerable interest 
and is outlined below. 

Two full-length hok mRNAs (termed hok mRNA-1 and 
-2) and one full-length pnd mRNA are present in plasmid- 
carrying cells (see Fig. 1). Full-length hok mRNA-2 is 
generated from mRNA-1 by RNase III cleavage (Gerdes 



et a/., 1992). The full-length mRNAs are translationally 
inactive and bind their cognate antisense RNAs ineffi- 
ciently (Gerdes era/., 1990b; Nielsen et at., 1991; Thisted 
et aL t 1994a; T. Franch, unpublished). Translation of the 
full-length mRNAs is activated by slow 3'-ehd exonucleoly- 
tical processing by polynucleotide phosphorylase and ribo- 
nuclease II (N. Dam Mikkelsen, unpublished). Thus, 
plasmid-free cells inherit a pool of inert full-length killer 
mRNA that is activated by the removal of inhibitory ele- 
ments located at the mRNA 3' ends. After decay of the anti- 
sense RNAs, the 3' processing leads to accumulation of 
truncated, translatable hok and pnd mRNAs, and killing 
of the plasmid-free cells ensues. In contrast, in plasmid- 
carrying cells, the truncated mRNAs are rapidly bound by 
the antisense RNAs, and the resulting RNA duplexes are 
destabilized by RNase III cleavage (Gerdes era/., 1992). 
Hence, the truncated mRNAs are not present in detectable 
amounts in growing cells (Gerdes era/., 1990b). In accor- 
dance with the above scheme, addition of rifampicin to 
growing cells leads to antisense RNA depletion, followed 
by accumulation of the truncated, translatable mRNAs. In 
turn, this leads to synthesis of the cytotoxins Hok and PndA. 

The inhibitory elements in the 3' ends of hok and pnd 
mRNAs were termed fbi (fold-back inhibition; Thisted et 
a/., 1994a; Nielsen and Gerdes, 1995). Structural analysis 
of the entire full-length hok mRNA suggested that the fbi 
element pairs with the SD sequence of mok (Thisted et 
a/., 1995). However, a genetic analysis failed to confirm 
the presence of a similar structure in the pnd mRNA (Niel- 
sen and Gerdes. 1995). On the contrary, this analysis indi- 
cated that the pndC SD is sequestered by a local 
secondary structure. Thus, in addition to the inhibitory fbi 
elements at their 3 -ends. the killer mRNAs also contain 
upstream anti-SD elements. 

Using a genetic approach, we show that the fbi elements 
in the 3' ends of the hok and pnd mRNAs pair with the very 
5' ends of the mRNAs. Surprisingly, the hok and pnd 
mRNAs were found to contain translations activator ele- 
ments (tac) in their very 5' ends approx. 100 nucleotides 
(nt) upstream of the translation initiation regions. Thus, 
the 3* fbi elements repress translation by sequestration of 
the 5' tac elements. Mutational analyses indicate that the 
3' -end processing triggers refolding of the mRNA 5' ends 
into translatable configurations in which the tac elements 
are base paired with the anti-SD sequences. 

Results 

Mutations in the 3' fbi elements of the hok and pnd 
mRNAs increase 3' processing and inactivate post- 
segregational killing 

Recently, we found that mutations in the fbi motif in the pnd 
mRNA of piasmid R483 dramatically increase the process- 
ing rate at its 3' end (Nielsen and Gerdes, 1995). In this 
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To directly test this inference, full-length hok and pnd 
mRNAs and their mutated variants were synthesized in 
vitro and processing was investigated in a cell-free S30 
extract. As seen in Fig. 4a, the fbi2 mutation in the hok 
mRNA caused a highly increased processing rate from 
full-length to truncated mRNA (cf. panels A and C), as did 
the fbi552 mutation in the pnd mRNA (cf. panels A and 
C in Fig. 4b). These results indicate that the low abun- 
dance, in wVo t of the full-length hok and pnd mRNAs car- 
rying the fbi mutations is due to highly increased pro- 
cessing rates at their 3' ends. 

The wild-type (wt) hoh f sok and pnd systems mediate an 
approx. 100-fold stabilization of mini-R1 plasmids by killing 
of plasmid-free segregants (Gerdes ef a/. t 1985; Nielsen 
et a/., 1991). We tested whether the hoklsok and pnd 
systems carrying the fbi mutations could stabilize a mini- 
R1 test plasmid (pOU82). Table 1 shows that fbi2 and 
fbi8 in hoklsok and fbi552 in pnd completely inactivated 
the post-segregational killing effect, consistent with the 
absence of truncated, active killer mRNAs after addition 
of rifampicin (Fig. 3, panels C). 

Mutations in the 5* tac elements of the hok and pnd 
mRNAs also enhance 3' processing and inactivate 
post-segregational killing 

Mutations were introduced into the extreme 5* ends of 



Fig. 3. In vivo processing patterns of wt and mutated hok and pnd 
mRNAs. 

a. Northern analysis showing the effects of the tac2 and fbi 2 
mutations in hok mRNA. 

b. Effects of the tac8 and fbid mutations in hok mRNA. 

c. Effects of the tac552 and fbi552 mutations in pnd mRNA. 
Panels: A. wt mRNAs; 8. tac mutations; C. fbi mutations; 0. 
tac-fbi double mutations. Time points of sampling relative to the 
addition of rifampicin (at time zero) are indicated above each lane. 
The positions of hok mRNA-1. hok mRNA-2 and truncated hok 
mRNA are indicated with 1. 2. and Tr. respectively. Fl. denotes 
full-length pnd mRNA. The experiment was performed using the 
rifampicin-permeabie strain AS 19 carrying the wt and mutated killer 
gene systems cloned in p8R322. 

study, we introduced mutations at similar locations in the 
fbi motif in the 3' end of the hok mRNA (fbi2 and fbi8 in 
Fig. 2A). Their effect on hok mRNA processing and stability 
was investigated using Northern analysis. As seen in Fig. 
3 ( a and b, panel C, the fbi2 and fbi8 mutations have a dra- 
matic effect on the processing pattern of hok mRNA. Both 
mutations caused a disappearance of full-length hok 
mRNA-2, and truncated hok mRNA did not appear after 
addition of rifampicin. The amount of full-length hok 
mRNA-1 was also significantly reduced. The fbi552 muta- 
tion in the pndmRNA had a similar, but even more dramatic 
effect (Fig. 3c t panel C). The observed in vivo effects of the 
fbi mutations indicate that they cause an increased proces- 
sing rate from full-length to truncated mRNAs. 



3 i -a 



Fig. 4. fn vitro processing patterns of wt and mutated hok and pnd 
mRNAs showing the tac-fbi interaction. Purified, uniformly ^P- 
labelled full-length mRNAs were exposed to a cell -free S30 extract 
for the periods indicated above each lane. 

a. hok mRNA-2. 

b. Full-length (Fl.) pnd mRNA. 

Panels: A. wt mRNAs: 8. tac2 and tac552\ C. fbi2 and fbiS52; 0, 
tac2-fbi2 and tac552-fbi552 double mutations. The marker lanes 
contained in vitro synthesized truncated hok and pnd mRNAs, 
respectively. 
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a. pOU82 is a facZYA -carrying vector of 12594 nucleotides derived from plasmid Rl. 



the hok and pnd mRNAs (see Fig. 2). These mutations 
were named transiational activator or tac. The in vivo 
effect of the tac2 and tac8 mutations on the hok mRNA 
band pattern is shown in Fig. 3. a and b (panel B). Full- 
length hok mRNA-2 was not detected even before the 
addition of rifampicin, and the amount of full-length hok 
mRNA-1 was reduced. The tac552 mutation in the pnd 
system had an even more dramatic effect: mutated, full- 
length pnd mRNA was only barely detectable after pro- 
longed exposure of the autoradiogram (Fig. 3c. panel B). 

The effect of the tac mutations on mRNA processing in 
vitro was also investigated. As seen from Fig. 4, a and b. 
the tac mutations resulted in rapid processing of full-length 
to truncated hok and pnd mRNAs (cf. panels A and B). 

Finally, the effect of the tac mutations on post-segrega- 
tional killing was investigated (Table 1 ): all these mutations 
resulted in inactivation of post-segregational killing, consis- 
tent with the absence of the respective truncated effector 
mRNAs (Fig. 3). 

In conclusion, the effects of the tac mutations were iden- 
tical to those of the fbi mutations. This coincidence urged 
us to investigate whether the opposite ends of the hok 
. and pnd mRNAs might interact. 

The extreme ends of the hok and pnd mRNAs pair 

The tac mutations described above were designed such that 
the potential base pairing between the 3' and 5' ends of the 
mRNAs would be restored in the double tac- fbi mutants 
(see Fig. 2, A and C). Therefore, in hok/sok, fbi2 was com- 
bined with tac2, and fbiB was combined with tac8. Similarly, 
in pnd, fbi552 was combined with tac552. The in vivo RNA 
band patterns of the double mutants are shown in panels D 
of Fig. 3. This shows that the processing patterns of the dou- 
bly mutated mRNAs resembled that of the wt mRNAs in all 
cases. Similarly, the in vitro assay indicated that the tac 
mutations counteracted the effect of the fbi mutations on 
the RNA processing pattern (Fig. 4, panels D). 

< 1996 Blackwell Science Ltd. Molecular MtcroOioiogy. 21, 1049-1060 



These combined in vivo and in vitro results yield strong 
genetic evidence that the very 3' ends of the hok and 
pnd mRNAs pair with their very 5' ends, and that this inter- 
action is required for the characteristic processing patterns 
of the RNAs. These results are incorporated into the sec- 
ondary structure models of the full-length hok and pnd 
mRNAs as presented in Fig. 2, A and C (see the Discus- 
sion). Our observations further indicate that the secondary 
structures of the full-length hok and pnd mRNAs synthe- 
sized in vitro very closely resemble those of the mRNAs 
produced in vivo, at least with respect to the long-range 
end-pairing. 

The tac mutations do not suppress the fbi mutations 
at the functional level 

The effect on post-segregational killing of the combination 
of the tac and fbi mutations was tested. As seen in Table 1 , 
tac552 did not suppress fbi552 at the functional level, i.e. 
the pnd system carrying the tac552, fbi552 double muta- 
tion did not exert post-segregationa! killing. In hok/sok, 
tac2 and tac8 only partially suppressed fbi2 and fbi8. 
respectively. These results were unexpected, as the doubly 
mutated hok and pnd mRNAs exhibited wt in vivo and in 
vitro processing patterns (Figs 3 and 4). One explanation 
for this could be that the tac mutations prevented transla- 
tion of the truncated hok and pnd mRNAs. 

Mutations in the tac elements impair translation 

In vitro generated truncated hok and pnd mRNAs were 
translated in the S30 extract used above (Zubay, 1 973; 
see the Experimental procedures for details). Figure 5 
shows that truncated wild type hok and pnd mRNAs 
were translated efficiently. Surprisingly, however, the 
tac552 mutation abolished translation of the pnd mRNA, 
and the tac2 mutation severely reduced translation of the 
hok mRNA. The tac8 mutation also reduced hok mRNA 
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Introduction of a perfect tac stem leads to super 
translation 

The refolding model states that the tac anti-SO interaction 
is required for activation of translation. The above muta- 
tional analysis is consistent with the refolding model. To 
obtain more solid evidence for the postulated mechanism, 
we constructed a truncated hok mRNA with a 'perfect' tac 
stem. The proposed secondary structure of the 5' end of 



Fig. 5. In vitro translation of truncated wt and mutated hok and pnd 
mRNAs. Autoradiograph of in vitro translation reactions labelled with 
( 3s S|-methiontne and fractionated by SOS-PAGE. The positions of 
the Hok and PndA proteins are indicated. The type of mRNA added 
is indicated above each lane. The base changes of the tac and fbi 
mutations are shown in Fig. 6. A total of3.0pmol of template mRNA 
was added to each translation reaction. 



translation to some extent. The translation rates of the 
mutated mRNAs were quantified and are shown in 
Fig. 6. Low translation yields were not due to instability of 
the mutated mRNAs in the extract (see Fig. 4). The 
absence of post-segregational killing in vivo (Table 1) is 
consistent with the reduced in vitro translation rates of 
the mutated hok and pnd mRNAs. These observations 
indicate that the extreme 5' ends of the hok and pnd 
mRNAs contain elements required for their efficient trans- 
lation. We denote these sequences as translational activa- 
tor elements, (tac). 
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Mutational analysis of the tac elements 

To obtain a more-precise genetic definition of the tac ele- 
ments, we introduced a number of deletions and substitu- 
tions in the extreme 5' end of the /JO/cmRNA (Fig. 6). The 
mutations were designed to reduce or abolish the pro- 
posed interaction between tac and the anti-SO element 
(see the Discussion). The effect of these mutational 
changes on the proposed secondary structure of the tac 
stem is also shown in Fig. 6. Messenger RNAs carrying 
the various tac mutations were synthesized in vitro and 
translated in an S30 cell-free extract. As shown in Fig. 6, 
deletion of the three 5" nucleotides (tacA3 mRNA) resulted 
in a severely reduced translation rate, and deletion of 
seven and 10 nucleotides abolished translation (tacA7 
and tacS 10 mRNAs). 

In principle, the low translation rates of the mRNAs 
carrying the deletions could be due to the lack of the 
nucleotides perse. Therefore, the nucleotides from +2 to 
+ 6 were substituted with 5 rA's. resulting in the tacSA 
mRNA. As indicated in Fig. 6, this substitution abolished 
translation, as in the case of the deletions. These results 
verify that translation of the hok mRNAs is dependent on 
the nucleotides from +1 to +7, the translational activator 
sequence (tac). 
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Fig. 6. Primary and proposed secondary structures of wt and 
mutated translational activator stems {tac). The upper row shows 
the tac stems of the wt hok. super-fac in hok, the wt pnd system 
and pnd carrying the tac552 mutation. The lower row shows 
mutated tec stems in hok mRNA. Anti-SO elements are shown in 
bold, and mutated bases are shown in bold italic. 1 denotes the 
mRNA 5* ends. The percentages indicate the degree of 
translatability for each mRNA as determined by the in vitro 
translation assay (see Fig. 5) and were obtained using a 
Phosphorlmager (Molecular Dynamics). The translatability of wt hok 
and pnd mRNAs was set at 100%. 
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this mutated mRNA is also shown in Fig. 6 (the 'super-tec' 
mutation). As seen in Fig. 6, the translation rate of the 
mRNA carrying the super-tec mutation was twofold that 
of the wt truncated hok mRNA. As the super-tec mRNA 
was destabilized in the S30 extract, the translation rate 
obtained was a lower estimate. Thus, the presence of the 
super- tec mutation leads to a significant increase in the 
translatability of the hok mRNA. This result lends further 
support to the hypothesis that activation of translation is 
a consequence of the proposed interaction between tec 
and the anti-SD element. 

Discussion 

The folded structures of the full-length hok and pnd 
mRNAs 

Recently, we analysed the secondary structure of the 
entire full-length hok mRNA (Thisted etaL, 1994a; 1995). 
These analyses suggested that the extreme 3' end of the 
full-length nofcmRNA folds back onto the mok SO region, 
thus preventing ribosome binding and, therefore, transla- 
tion. However, a mutational analysis of the pnd mRNA 
failed to confirm the presence of a similar fbi structure, 
and the mechanism by which the 3' end of the pnd 
mRNA inhibited translation remained enigmatic (Nielsen 
and Gerdes, 1995). The striking observation that the tec 
and to/ mutations in both hok and pnd mRNAs had similar 
dramatic effects on the RNA processing patterns caused 
us to investigate whether the ends of the mRNAs interact. 
The genetic data presented in Figs 3 and 4 show that this is 
the case. The precise pairing of the mRNA ends leads to 
blunt-ended intramolecular RNA duplexes in which the 
first nucleotides pair with the last nucleotides. These obser- 
vations allow the formulation of secondary structure models 
of hok and pnd mRNAs that take into account information 
from both structural and genetic analyses. The deduced 
secondary structure of the entire full-length hok mRNA is 
shown in Fig. 2A. 

The secondary structure model of the entire full-length 
pnd mRNA is presented in Fig. 2C, and was based on com- 
puter analysis, genetic data, and a comparison with the 
secondary structure model of the hok mRNA. The genetic 
data obtained by Nielsen and Gerdes (1995) showed that 
the pndC SO element is sequestered by a local upstream 
anti-SO element (Fig. 2C). By inference, we propose that 
the hok mRNA contains a similar anti-SO element, as indi- 
cated in Fig. 2A. This proposal is consistent with the struc- 
ture-probing results of Thisted etai (1995). In addition, the 
data presented in this study exclude the presence of a 
direct interaction between the extreme 3' end of the hok 
mRNA and the mok SO region as proposed by Thisted et 
ai (1995). 

Killer mRNA translation occurs in plasmid-free cells and 
after the addition of rifampicin. This is understandable, as 
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the inhibitory Sok and PndB antisense RNAs are absent in 
plasmid-free cells. However, translation in plasmid-free 
cells (and after the addition of rifampicin) is dependent on 
the accumulation of an activatable pool of killer mRNA 
that has not yet reacted with its cognate antisense RNA 
(Gerdes et a/., 1992; Thisted et a/., 1994a; Nielsen and 
Gerdes, 1 995). This is because inhibition by the antisense 
RNAs leads to RNA duplex formation, followed by irrever- 
sible inactivation of the duplexed RNAs by RNase ill clea" 
vage (Gerdes et a/., 1 992). We have previously shown that 
the killer mRNAs possess the following three features, all 
of which are prerequisites for the induction mechanism: 
(i) the processing rates of full-length to truncated mRNAs 
are low; this is required because rapid truncation leads to 
depletion of the activatable pool of mRNA (Nielsen and 
Gerdes, 1995). (ii) The binding of the antisense RNAs to 
the full-length mRNAs is negligible (Thisted etai,, 1994b: 
T. Franch, unpublished); rapid antisense RNA binding 
would lead to duplex formation and irreversible inactivation 
by RNase 111 cleavage of the duplex (Gerdes etai, 1992). 
(iii) The full-length mRNAs are translationally inactive 
(Gerdes etai, 1990b; Nielsen et aL 1991; Thisted etai, 
1994a); translation of the full-length mRNAs in plasmid- 
carrying cells would inadvertently result in cell killing. 

The secondary structures of the full-length hok and pnd 
mRNAs proposed here explain all of the above observa- 
tions. First, mutations that disrupt the pairing of the ends 
of the mRNA lead to increased processing, depletion of 
the mRNA pool, and inactivation of post-segregational kill- 
ing (Figs 3 and 4; Table 1). Thus, the fbi-tac interaction 
maintains the required, low rate of the 3' processing of 
the full-length mRNAs. Second, full-length hok mRNA 
binds Sok RNA at an approx. 100-fold lower rate than its 
truncated version in vivo and in vitro (T. Franch, unpub- 
lished), indicating sequestration of the antisense RNA tar- 
get in hok (and pnd) mRNA by the fold-back structure. 
Indeed, the antisense RNA target elements, denoted 
sokTand pndBT, are sequestered in the secondary struc- 
ture models proposed in Fig. 2 A and 2C. Third, the fbi ele- 
ment represses translation by sequestration of tec. In 
conclusion, the folded structures of the full-length hok 
and pnd mRNAs explain how they simultaneously avoid 
translation, antisense RNA binding, and rapid inactivation 
by 3' exonucleases. 

The refolding model 

The introduction of the tec mutations did not lead to func- 
tional suppression of the fbi mutations (Table 1). This 
was surprising, as the doubly mutated mRNAs exhibited 
normal processing patterns (Figs 3 and 4 t panels D). 
This observation encouraged us to investigate the effect 
of the tec mutations on translation of truncated hok and 
pnd mRNAs. Surprisingly, introduction of mutations in 
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the tac elements, which are located approx. lOOnt up- 
stream of the mok and pndC reading frames, severely 
impaired translation (Fig. 5). Furthermore, analysis of 
deletions and substitutions in tac firmly established that 
tac is indeed required for translation (Fig. 6). 

The mechanism by which tac activates translation is not 
yet known. However, the fac elements are complementary 
to the anti-SD elements (see Fig. 2, B and D). This sug- 
gests that the exonucleolytical removal of the to/ elements 
triggers the tac elements to base pair instead with the anti- 
SD elements. Computer analyses using the 'genetic algo- 
rithm 1 developed by Gultyaev ef a/. (1995) corroborated 
this suggestion (Alexander P. Gultyaev, T. Franch and K. 
Gerdes, unpublished). The proposed secondary structures 
of the refolded forms of the truncated wt hok and pnd 
mRNAs are shown in Fig. 2, B and 0. In these structures, 
the tac sequences pair with the anti-SO sequences, thus 
releasing the mok and pndC SO regions into configurations 
that are more accessible for ribosome binding. The pro- 
posed refolding pathway is particularly attractive because 
it does not require the formation of energetically unfavour- 
able folding intermediates, but rather could occur by a 
branch-migration-like mechanism in which the tac ele- 
ments gradually form successive base pairs with the anti- 
SO elements, while breaking base pairs in the lower part 
of the pndC-SOtmok-SQ stem (see Fig. 2). 

The refolding model predicts that mutational changes in 
tac that destabilize its pairing with the anti-SO sequences 
should lead to reduced translatability. The mutational ana- 
lysis of tac presented in Fig. 6 concurs with this notion: 
those mutations in tac that most severely disrupted the 
potential base pairing with the anti-SO elements (tac2, 
tacM, tacS /Oand tacSAin hok t and fac552in pnd) exhib- 
ited the lowest translation rates, whereas those which still 
allowed some base pairing {tac8 and tac&3 in hok) were 
all. to some extent, translatable. Furthermore, the hok 
mRNA with the perfect tac stem mutation was translated 
at least twofold more efficiently than the wt hok mRNA 
(Fig. 6). These results show that the degree of translat- 
ability of the hok (and pnd) mRNA is correlated with the 
strength of the fac-anti-SD interaction. Thus, our results 
support the refolding model. By accomplishing in vitro 
secondary structure analyses of wt and tec-mutated 
mRNAs, we have now obtained direct evidence for the 
postulated interaction between tac and the anti-SO ele- 
ment in hok mRNA (T. Franch, unpublished results). 

It has not previously been shown that a processing event 
in the 3' end of an mRNA activates a positive translations 
control element in its 5' end. However, the translation initia- 
tion region of the bacteriophage X citl gene mRNA was 
postulated to exist in two configurations, one of which 
allowed translation (Altuvia era/., 1989, 1991). RNase 111 
was found to stimulate clll mRNA translation, and indirect 
evidence was obtained that RNAse HI binding (without 



cleavage) trapped the clll mRNA translation initiation 
region in a translatable configuration (Altuvia era/., 1987; 
1991). From previous work, we can exclude that RNase 
lit is involved in hok and pnd translation, as activation 
occurs in RNase Ill-deficient ceils (Gerdes et a/., 1992). 

The presence of positively acting translational control 
elements located in mRNA 5' ends have been described 
in a few additional cases. Translation of bacteriophage 
lambda c//mRNA requires integration host factor (Mahajna 
era/., 1986). The mRNA of the cob pperon of Salmonella 
typhimurium contains an upstream element which pre- 
vents the inhibitory effect of a local secondary structure 
surrounding the cbiA SO element (Richter-Dahlfors er a/., 
1994). The mechanism of action of the upstream element 
is unknown. The coat protein mRNA of bacteriophage 
MS2 contains a positively acting element located sev- 
eral-hundred nucleotides upstream of the translational 
start site (Kastelein era/., 1983). This element counteracts 
the inhibition by a local stem-loop structure, which seques- 
ters the SO region of the coat-protein cistron (de Smit and 
van Duin, 1993). However, its mechanism of action 
remains to be clarified. Finally, positively acting elements 
have been found in the 5* untranslated regions in a number 
of mRNAs from chloropiasts (Sakamoto era/., 1994). 

The work presented in this study provides evidence that 
the highly folded structures of a class of prokaryotic 
mRNAs involve pairing of the ends of the mRNAs. The 
pairing explains the molecular mechanism underlying acti- 
vation of killer mRNA translation in plasmid-free cells and 
after the addition of rifampicin. 



Experimental procedures 
Enzymes and chemicals 

Rifampicin (Ciba-Geigy) was added to cells prior to RNA 
extraction at a concentration of 100ngmt \ Ampicillin (Ap) 
was added at the following concentration: 30 ng ml " 1 for low- 
copy-number plasmids. otherwise 100ugml \ All enzymes 
were purchased from Boehringer Mannheim unless stated 
otherwise. 

Bacterial strains and plasmids 

The E. coli K-1 2 strain CSH50 (S{lacpro) rpsi) (Miller. 1972) 
was used for the plasmid stability tests, whereas the perme- 
able E. coli B strain AS 19 (Sekiguchi and lida, 1967) was 
used in the rifampicin induction experiments. 

Plasmids used and constructed are listed in Table 2. Plas- 
mid pPR633 carries the 580 bp wt hok/sok system from plas- 
mid R1 cloned between the EcoRI-SamHI sites of pBR322. 
Plasmids pTF40 (tec2), pTF41 (fbi2) t pTF42 {tac2-fbi2), 
pTF50 (tac8), pTF51 (fbi8) and pTF52 {tac8-fbi8) are all 
mutant derivatives of pPR633. Plasmid pTT820 carries the 
580 bp wt hok/sok system inserted between the £FcoRI- 
BamHI sites of the mini-R1 vector pOU82. Plasmids pTF840 
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Table 2. Plasmids used in this study. 



Plasmid 


Type of replicon 


Relevant genotypes 


Killer system present 


Mutations* 


Source / Reference 


PUC19 


pMB1 


bia' 


None 


— 


Yanisch-Perron et ai (1985) 


p8R322 


pMB1 


bia' tet' 


None 


— 


Bolivar era/. (1977) 


pBR633 


pBR322 


bia* 


hok/sok 


wt 


Rasmussen et ai (1987) 


pGEM342 


pGEM4 


bia' pT7 


pPROBE,** 


— 


Thisted and Gerdes (1992) 


pAN7 


pGEM4 


bia' pT7 


pPROBEp^ 




Nielsen era/. (1991) 


pTF40 


pBR322 


bia' 


hok/sok 


tac2 


This work 


pTF41 


p8R322 


bia* 


hok/sok 


fbi2 


This work 


pTF42 


pBR322 


bia' 


hok/sok 


tac2,fbi2 


This work - 


pTF60 


pBR322 


bia' 


hok/sok 


tac8 


This work 


pTF51 


pBR322 


bia' 


hok/sok 


fbi8 


This work 


pTF52 


pBR322 


bia' 


hok/sok 


tacS, fbi8 


This work 


pAN1 


PBR322 


bia' 


pnd 


wt 


Nielsen et ai (1991) 


pKG39 


PBR322 


bia' 


pnd 


tac552 


This work 


pAN41 


pBR322 


bia' 


pnd 


fbt'552 


Nielsen and Gerdes (1995) 


pKG40 


pBR322 


bia' 


pnd 


tac552, fbi552 


This work 


pOU82 


R1 


bla~ lac' 


None 


— 


Oam and Gerdes (1994) 


pTF840 


R1 


bia' lac' 


hok/sok 


tac2 


This work 


PTF841 


R1 


bla~ lac~ 


hok/sok 


fbi2 


This work 


pTF842 


R1 . 


bia' lac' 


hok/sok 


tac2, fb(2 


This work 


pTF850 


R1 


bia' lac' 


hok/sok 


tac8 


This work 


PTF851 


R1 


bia' lac' 


hok/sok 


fbi8 


This work 


pTF852 


R1 


bia' tac~ 


hok/sok 


tac8, fbi8 


This work 


pTT820 


R1 


bia~ lac~ 


hok/sok 


wt 


Thisted and Gerdes (1992) 


pAN3 


R1 


bia' lac' 


pnd 


wt 


Gerdes et ai (1992) 


pKG860 


R1 


bia' lac' 


pnd 


tac552 


This work 


pAN141 


R1 


bla~ lac~ 


pnd 


fbi552 


Nielsen and Gerdes (1995) 


pKG862 


R1 


bia' lac' 


pnd 


tac552, fbi5S2 


This work 



a. The base changes of the tac and fbi mutations are shown in Figs 2 and 6. 



{tac2l pTF841 (fbi2). pTF842 (tac2-fbi2). pTF850 (tac8). 
pTF851 (fbi8) and pTF852 (tac8-fbi8) are all mutant deriva- 
tives of pTT820. 

Plasmid pAN1 carries the 856 bp wt pnd system from plas- 
mid R483 cloned between the EcoR\-BamH\ sites of 
pBR322. Plasmids pKG39 (tac552), pAN41 (fbi552) and 
pKG40 (tac552-fbi552) are all mutant derivatives of pAN1. 
Plasmid pAN3 carries the 856 bp wt pnd system inserted 
between the EcoRI-SamHI sites of pOU82. Plasmids 
pKG860 (tac552), pAN141 (fbi552) and pKG862 (tac552- 
fbi552) are mutant derivatives of pAN3. 

Site-directed mutagenesis 

The tac2, tac2-fbi2, tac8, fbi8 and tac8-fbi8 mutants were 
constructed by double polymerase chain reaction (PCR) as 
described by Barettino et al. (1994). The first round of PCR 
was performed using the M13mp18 vector carrying the 
580 bp wt hok/sok system inserted between the EcoRI- 
SamHI sites as template. Either the reverse sequencing pri- 
mer (5-AACGCTATGACCATG-3') or the -20 sequencing pri- 
mer (5-GTAAAACGACGGCCAGT-3') were used as external 
primers. In the second round of PGR, the plasmids pPR633, 
pTF41 (for tac2-fbi2 construction) or pTF51 (for tac8-fbi8 
construction) were used as templates. Either counter-clock- 
wise SamHI (5'-CACGATGCGTCCGGCGTAG-3') or clock- 
wise EcoRI (5-GTATCACGAGGCCCTTTCG-3) were used 
as external primers. Mutant oligonucleotides used were: TF4 
(tac2) 5'-AAGCCTCAAGCGGGGGGCACATCATA-3\ TF5 
\tac8) 5-AAAGCCTCAAGCCGCGGGCACATCAT-3' and 



TF6 (fbi8) 5-GACTACTGAAGCCGCTTTATAAAGGGG-3' 
(mutated nucleotides are underlined). The construction of 
pTF4l (previously termed pPR633fo/2) was described by 
Thisted et al. (1995). 

Introduction of mutations in the pnd system was accom- 
plished by double PCR using two complementary mutant oli- 
gonucleotides and two external primers as described by 
Nielsen and Gerdes (1995). Mutant oligonucleotides used 
were: pnd174B (tac552a) 5'-GCCTCAAGCGGGCGCAGC- 
TATTC-3' and pnd196 (tac552b) 5'-GAATAGCTGCGCC- 
CGCTTGAGGC-3'. External primers were: pnd21 5'-GG- 
GGATCC TGCGACAGGCTGTCGATTGT-3' (SamHI over- 
hang) and pnd611 5-GG GAATTC GCAAAGGCATTCGGC- 
TGGAG-3' (EcoRI overhang). For the construction of 
tac552 % PCR was conducted using a wt pnd template, while 
the tac552-fbi552 mutant was constructed by PCR on the 
pAN41 template. For the construction of fbi552 t see Nielsen 
and Gerdes (1995). 

Measurement of plasmid stability 

Plasmid stability tests were performed as described in Gerdes 
et al. (1985). 

Total RNA preparation for Northern transfer analysis 

Preparation of total RNA from E. coli and Northern transfer 
analysis was performed as described earlier (Gerdes et a/., 
1990b). The ^P-labelled RNA probes used were generated 
using T7 RNA polymerase and the pGEM-based plasmids 
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PGEM342 (ft* probe) and P AN7 (pnc/ probe) as described 
previously (Gerdes etal.. 1990b; N.elsen el a/.. 1991). 



were phenol-chloroform extracted, precipitated twice with 
ethano. washed and dried. After gei purification, transcnpts 
were redissolved in TE buffer. 



Preparation of hok and pnd mRNAs 
Larae scale wt and mutant in vitro synthesized hok and pnd 
2SS of different 

RNA polymerase and P^OT^g^, ^ T7-1 oligo- 
(Thisted eta,.. •^'gSS^-»mpl^ 
nucleotide or a mutated JJJJJJJJ^,, and containing 

TTCGCAAC-3- (results in a ^« JJJ. AN23 S :- 

Sscri^^^^ 
pnd mRMA). In 

mRNAs was accomphshed » descnoe nucleotide 
the oligonucleotides used carried the reieva 
substitutions, as shown in fjj.6. recovereC l from 

The DNA <<r:17^ P reci P« ated 
an agarose ge ^tSS^ transcribed to v«w v*h 

synthesized Jj. 100, ^*££&. fl i0rnM NaC, 
40mM Tr.s-HCI pH7A 2m P ^ Qf ATp 

24 mM MgCI 2 . 6.4 pM ( H HJ^JJ^ ol (OTT) 1 60 U RNasin 
/-to i itp and CTP 10 mM dithiotnreuoi tu i i j. 

Irom the gels by "^.^^fi^^S*. 
tRNA^G^SIs^was^emoved by centrifugalion. Transcripts 



Test or franscripf steWfiry in the E. coli S30 extract 
Uniformly ^P-labelled transcripts were incubated at 37*C in 
an E 2« S30 extract under similar conditions as or toe >« 
tL translation reactions described below, except that the 
Sll-meSne was replaced by unlabelled me hiomne, 
SampTes were withdrawn and immediately phenol-chloroforrp. ^ 
eSS run on 5.5% acrylamide gels, which were dned 
down and autoradiographed. 

In vitro translations and SDS-PAGE 
The E coli coupled transcription/translation system (Zubay. 
jSaf wa? ^chased from Promega. The trans.at.on reac- 
ons^nt/ned the following components , . «- « ume 
of 20 id: 3pmol ^-labelled hok or pnd mRNA in M 1 1 
0 5mM each of the 20 amino acids, minus «jJ"WJ 
0 2uM L^Sl-methionine (lOOOC.mmol . NEN). 2mM 
AT 0.5 mM each of GTP. UTP. and CTP 210 mN potasswm 
i ;, ma to 90 mM PEP 35 mM Tris-OAc, pH 8.0. 27 mM 

SST. X£5 «* - j 

£ co« tRNA, 9mM Mg(OAc) 2 . 0.8 mM IPTG. 2mM Ol i. 
fsmam I"' PEG 3000. and 6ul £. coli S30 extract n the 
Sons shown in Fig. 5. the reactions were allowed to pro- 
£3 for 30min. The samples were precip.tated with four 
£!nes of acetone at 0 C. dried and 
sample buffer (per 10 ml: 2m. glycerol 2m. . 0 . SDb 
0 25 mo bromophenol blue. 2.5 ml of 0.3 mM Tris-HC I pH 
6 8 in 0 4% SOS. 0.5m. (5-mercaptoethano.) and denatured 
anOO C for 5 min prior to loading onto SOS i g e s. For op tr»U 
resolution of the .ow-mo.ecu.a.mass proteins (=-20 Oa, ,n 

'SS^sTSIS't^L^ contained 4% 
^Si and 5 lh: separation gel 16% acrylamide. Electro 
phoresis was carried out a. 30V in ^ t ^^J^ 
when the sample had reached the separation gel the ^current 
was increased to 25 mA for the remainder of the run (total run- 
nS time was approx. 20 W. The gel was fixed in a solut on 
o fa^nethanofao-. acetic acid andi0% g.ycero . IdMfc 
and then washed in a solution of 25% ethano. and5,o acet,c 
acid. 
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